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Abstract Large-scale clear-cutting and burning caused the altitude of the natural upper forest line (UFL) in the Northern Ecuadorian Andes to decline to the point that its 'natural' position is now uncertain. To obtain a detailed reconstruction of the dynamics of the UFL over the last few thousand years, traditional proxies alone do not suffice. For instance, pollen analysis suffers from a low altitudinal resolution due to the large windblown component. In an attempt to find new, additional proxies to study past UFL dynamics in the Ecuadorian Andes, we investigated the occurrence of isoprenoids (diterpenes, phytosterols and pentacyclic triterpenoids) in the roots and leaves of 19 plant species responsible for the dominant biomass input in soil and peat records along altitudinal transects covering approximately 500 m above and below the current UFL in two locations in the Northern Ecuadorian Andes. Isoprenoids can serve as biomarker if they are uniquely present in a relevant plant species and preserved well enough in chronological order in suitable records. Such biomarkers could help establish past vegetation dynamics including the UFL position. For an isoprenoid to be a biomarker in soils normally it must be absent from the roots of a plant species as roots do not enter soils in chronological order. For peat deposits this criteria only needs to be met for the peat species themselves as only roots from peat species will be present. Two diterpenes, four phytosterols and six pentacyclic triterpenoids met the criteria for biomarker in peat records. Of these, one diterpene, two phytosterols and three pentacyclic triterpenoids also met the criteria for biomarker in soils. Samples from a soil under forest, a soil under the adjacent pá ramo and a nearby peat deposit,
Introduction
Montane cloud forests and Montane tropical alpine grasslands (pá ramo) compose the fragile ecosystems that nowadays are encountered only in selected places in the higher parts of the Ecuadorian Andes. However, cloud forests are believed to have once covered much larger areas, and human interference through clear-cutting and burning is held responsible for a significant reduction of cloud forest coverage and a depression of the upper forest line (UFL) in the entire Ecuadorian Andes (e.g. Dodson and Gentry 1991; Laegaard 1992) . Publications like the one by Laegaard (1992) have been used to justify replanting efforts above the current UFL as a reconstruction of natural forest destroyed by humans. However, the past 'natural' locations of the UFL in the Ecuadorian Andes are subject of scientific debate (e.g. Wille et al. 2002) . A lower natural UFL than indicated by Laegaard (1992) would mean that replanting efforts may not be reconstructing past forest vegetation, but destroying a natural pá ramo ecosystem. Therefore, to enable sustainable and ecological management of the current Montane ecosystems in Northern Ecuador and possible reconstruction of degraded areas, the question what the 'natural' location of the UFL would have been in the absence of human disturbance must be addressed.
In their recent attempt to reconstruct the natural UFL position in the Ecuadorian Andes, Wille et al. (2002) reconstructed shifts of the UFL during the last 700 years through a combination of analysis of the current vegetation and fossil pollen analysis from peat cores. While important insights into past UFL positions were born from their study, Wille et al. (2002) also recognized the limitations of the proxies applied. For instance, the spatial resolution of pollen analyses is limited by the dispersal of pollen by wind prior to deposition, whereas a UFL reconstruction by vegetation analysis is only possible if sufficient traces of the original forest remain, which in most areas in the Ecuadorian Andes is not the case.
Analogous to the above-mentioned study, we are currently attempting a reconstruction of the vegetation history in the Northern Ecuadorian Andes covering a period of time predating the onset of large-scale human interference. To obtain as detailed as possible a reconstruction of past UFL positions we need to overcome the limitations of pollen and vegetation analysis as recognized by Wille et al. (2002) . Therefore, we are investigating the possibility of applying new additional proxies in conjunction with traditional pollen and vegetation analysis. Biomarkers constitute one such proxy that may offer opportunities for reconstructing past vegetation compositions including the historic UFL position. Biomarkers are defined as organic chemical components, or groups of components, exclusive to relevant plant species and preserved in chronological order in suitable records such as peat deposits, sediments or soils. In a previous study we successfully tested the occurrence of plantspecific combinations of straight-chain lipids in plants responsible for the dominant biomass input into soil and peat records in our research area, and tested their preservation (Jansen et al. 2006a) . However, in the case of straight-chain lipids, the distinction of plant species is based on the occurrence of unique combinations of otherwise ubiquitous compounds with different carbon chain-lengths. As a consequence, unraveling such unique combinations from the mixed straightchain lipid signal found in soil, peat or sediment records that contain the combined input of many plants, is a challenge (Jansen et al. 2006a) .
To help overcome the limitations of straightchain lipid biomarkers it would be very helpful to have a second set of biomarkers at our disposal, based on unique individual components instead of unique combinations of otherwise common compounds. Isoprenoids may constitute such a class of components. Like straight-chain lipids, isoprenoids and in particular diterpenes, phytosterols and pentacyclic triterpenoids, have been considered as biomarkers in the past and have in some cases been linked to specific plants or groups of plants (e.g. Chaffee et al. 1986; Ohsaki et al. 1999; Simoneit 1986; Volkman 2005) . Diterpenes in paleoecological records mainly originate from higher plant waxes and resins, and consist of amongst others the abietanes, pimaranes, kauranes, podocarpanes and labdanes as well as their derived acids, alcohols, etc. (Simoneit 1986) . Phytosterols occur in all higher plants and derive from the common precursor cycloartenol, as opposed to fungal and animal sterols that derive from lanosterol (De Leeuw and Baas 1986) . Common plant-derived pentacyclic triterpenoids include the friedelanes, taraxeranes and ursanes as well as their derived alcohols, acids, etc. (Killops and Frewin 1994; Simoneit 1986) . For all three compound classes, it is their distinct, predominantly plant-derived origin that makes them potential biomarkers (Killops and Frewin 1994; Ohsaki et al. 1999; Volkman 2005) . In addition, potential persistence of isoprenoids in paleological records is indicated by several authors (e.g. Jaffe et al. 1996; Simoneit 1986) . The component classes under consideration are all lipids (Dinel et al. 1990) , which according to the most common definition are organic components soluble in organic solvents but insoluble in water (Bull et al. 2000b) . As a consequence, vertical mobility in the form of leaching upon dissolution will be limited. At the same time in soil records, leaching in the form of dispersed colloids is expected to be limited as well, since clay translocation is normally not considered a dominant process in Andosols, due to the difficult dispersion of amorphous clay minerals (Shoji et al. 1993) .
However, there are potentially serious drawbacks to the application of isoprenoids as biomarkers as well. A first problem is that the number of databases of the occurrence of specific isoprenoids in different plants is extremely limited. This is illustrated by Volkman (2005) who, in his recent review of the use of triterpenoids as biomarkers, indicated that the absence of suitable reference databases is severely hindering their application in paleoecological reconstructions. The lack of suitable databases makes it impossible to assess the uniqueness of specific isoprenoids for specific plants beforehand. A second concern is that in spite of the potential persistence indicated in literature, alteration, microbial degradation and/or inextractable immobilization on the solid matrix, e.g. as insoluble esters, may be a concern especially in soils (Bull et al. 2000a, b; Van Bergen et al. 1997) .
The purpose of the present study was to assess the applicability of isoprenoid biomarkers as a proxy in reconstructing the upper forest line in the Northern Ecuadorian Andes. Considering the potential drawbacks mentioned, the goal was specifically to: (i) construct a database of diterpenes, phytosterols and pentacyclic triterpenoids present in the plant species responsible for the dominant biomass input into paleoecological records in our study area, (ii) identify possible biomarkers from the compounds found, (iii) perform a preliminary assessment of the occurrence and preservation of any identified isoprenoid biomarkers in selected paleological records in the area.
Materials and methods

Description of the study sites
Our study area consists of (i) the Guandera Biological Station and (ii) the combined area of El Angel Ecological Reserve and Los Encinos Biological Station in El Carchi province, Ecuador. Both sites are located in an area identified by Myers (1988) as part of the ''tropical Andes hotspots'', characterized by exceptionally high levels of plant endemism, but at present-day also by serious levels of habitat loss.
Guandera Biological Station is a relatively undisturbed site located approximately 11 km from the small town of San Gabriel in the Ecuadorian Eastern Cordillera at GPS coordinates in WGS 1984 of N 0°35¢/W 77°41¢. It protects approximately 1,000 ha of high altitude pá ramo grassland as well as areas of relatively undisturbed Montane cloud forest. Most of this Andean forest is located between 3,300 m.a.s.l and 3,640 m.a.s.l and consists of Upper Montane Rainforest (UMRF) at lower altitudes, changing into Sub-Alpine Rainforest (SARF) found as dwarf forest at higher altitudes along the current UFL as well as in isolated patches above the UFL. Above 3,640 m.a.s.l grass pá ramo (PAR) dominates the landscape but some SARF patches occur up to 3,700 m.a.s.l. The highest altitude in the study area is approximately 4,100 m.a.s.l.
The The Guandera study area in the Eastern Cordillera receives almost double the annual precipitation of the El Angel/Los Encinos study areas in the Western Cordillera (annual means, respectively, 1,900 and 1,000 mm), but mean annual temperatures are similar (from 10°C at 3,400 m.a.s.l. to 4°C at 4,000 m.a.s.l.). The geobotanical background of both study areas is provided by Ramsay and Oxley (2001) .
In Guandera, soils change along an altitudinal transect from Histosols with andic properties at sites currently covered by forest, via a Cambisol with andic properties in the forest patch above the UFL, to Andosols at sites currently covered by pá ramo vegetation. One should note that it is the exceptionally thick organic horizons that prevented the soils under forest to classify as Andosols. In all other aspects the soils met the criteria for Andosols. In El Angel/Los Encinos all studied soils, including one underneath a forest patch, classified as Andosols.
Paleological records present in the study sites Possible biomarker records of isoprenoids in the research area are peat deposits and soils. In Guandera one peat deposit was identified in the current grass pá ramo at 3,869 m. In El Angel/Los Encinos two peat deposits were encountered; one at 3,418 m and one at 3,740 m. While peat deposits constitute traditional paleological records, the use of soils as such is less straightforward. However, volcanic ash soils as present in our study have been used successfully by several authors in the past due to the good chronostratification and preservation of organic matter (e.g. Moore et al. 1991; Salomons 1986) .
Important insights into the chronostratigraphy of the soils in our study area were obtained from a previous study of their age-depth relationship, which was found to show a very clear linear increase of age with depth in all soils (r 2 = 0.87 when all soils were combined) and lacking age inversions (Tonneijck et al. 2006 ). The linear increase of age with depth that was observed, shows that bioturbation did not homogenize SOM at the scale of the applied vertical sampling distances. These were on average 40 and 15 cm in the two soil profiles that were sampled for a preliminary assessment of the presence of isoprenoids as part of the present study (see ''preliminary assessment of isoprenoids in paleorecords'') (Tonneijck et al. 2006) . Furthermore, Andosols generally show strong resistance to water erosion due to rapid rain infiltration and high aggregate resistance to dispersion, thereby limiting the risk of erosion disturbing the chronostratigraphy (Shoji et al. 1993) .
The soils in both study areas generally possess high organic carbon contents (8.0-25% in the upper mineral horizons), acidic pH ( pH 0:01MCaCl 2 3.2-4.2) and high moisture contents. An acidic pH and high moisture content are regarded as favorable for the preservation of lipids, since they inhibit microbial activity (Stevenson 1994) . In addition, all soils contained some allophane (on average 3.0 ± 2.6%) and abundant organic Aland Fe-complexes as well as Al-and Fe-hydroxides, all of which may further stabilize organic matter, although their exact contribution to organic matter stabilization is subject of debate (Nierop et al. 2005) . All together, we conclude that the chronostratigraphy of SOM in the soils of our study area as well as the potential for preservation appear to be suitable for paleoecological research such as reconstruction of the natural position of the UFL.
To describe and classify the soils present in the study area, pits of approximately 1 m 2 surface area and a depth of 1.5-2 m depending on the soil profile were excavated, and soil profiles described according to the FAO guidelines and classified according to the FAO World Reference Base for soil resources (FAO 2006) . During the assessment, care was taken to search for signs of creep or solifluction. Any sites showing such indications were avoided. In total 15 soils were described, 10 in Guandera and five in El Angel. Generally, the horizon sequence in both study areas can be summarized as Ah1 -Ah2/Bw -2Ahb -(2Bwsb) -2/3BCb, common for volcanic ash soils (Shoji et al. 1993) . As mentioned previously, the forest profiles contained organic horizons overlying the mineral horizons, ranging from 75 cm to 100 cm thick at sites currently covered by forest to 5-35 cm at the UFL or within forest patches. Under pá ramo vegetation organic horizons were virtually non-existent, since litter was concentrated within the grass tussocks rather than on the ground surface. Generally, all soils showed a multisequum, i.e. a sequence of buried soil profiles or paleosols originating from sequential tephra deposits separated by time. For a detailed description of several individual soils characterized along the altitudinal transects in both study areas we refer to Tonneijck et al. (2006) .
Collection of leaves and roots
In the study areas of Guandera and El Angel/Los Encinos, the plant species responsible for the dominant biomass input into soil and peat deposits were identified at key locations relevant for the UFL position: (i) the UMRF, (ii) the SARF, (iii) the grass pá ramo and (iv) the peat bogs. A list of the species collected at the different locations is provided in Tables 1 and 2 Contrary to for instance lake sediments, in soils and peat bogs roots may be responsible for a significant part of the plant biomass input, albeit only of the peat plants themselves in the latter (e.g. Nierop and Verstraten 2004) . Therefore, separate samples of living roots and leaves were taken from each of the species under consideration to investigate their isoprenoid contents. Roots were sampled by excavating enough soil surrounding a living plant to expose a sufficient part of its roots, and cutting off some root material. An exception is formed by Oreobolus goeppingeri and Oreobolus obtusangulus for which separate collection of roots and leaves proved not feasible because both plants are very compact, with short roots and small leaves that are difficult to distinguish from the roots. Due to plant morphology, material of these two species is expected to enter soil and/or peat records in a 1:1 leaf-to-root ratio. We always sampled material from several specimens of the same species at random within the respective biotope of occurrence and collected leaves and roots of different degrees of maturity and size. The isoprenoid signal preserved in the soil and peat records is a mixed signal composed of many different specimens from the same species. As such it is much more important to obtain the average isoprenoid signal from the plant species in questions than to know the inter-specimen variance in the signal. This led to the decision to mix the leaf material from the various specimens of the same species and mix the root material from the various specimens of the same species to obtain the average isoprenoid signal in leaves and roots, while always keeping leaves and roots separately.
All root and leave samples were collected and transported in aluminum foil to avoid handcontact and dry MgSO 4 was added to limit fungal growth during transport. All samples were freezedried, grinded, sieved over 2 mm, homogenized and stored at 2°C awaiting subsequent extraction and analysis.
Criteria for using isoprenoids as biomarker in soils and peat deposits
For an isoprenoid to qualify as biomarker it must be exclusively present in one of the plant species under study and be preserved in soils or peat deposits in chronological order. To enable the latter, the manner of deposition of the plant material containing the potential biomarker must be taken into account. Leaves enter soil records in a chronological order and the isoprenoids released upon the decomposition of leaves in the soil will remain in a chronological order since they are expected to be immobile in the soils in our study area as pointed out earlier.
Roots on the other hand will grow vertically into a soil record, potentially depositing their isoprenoids in a non-chronological order upon decay. In contrast, in peat bogs, the disturbance of the record by non-chronological input of isoprenoids from roots is limited, as only roots of the peat plants are expected to be present. Other plants will be predominantly represented by wind-blown leaf material from the surrounding local vegetation at close distance. As a Species present in multiple biotopes were only sampled in one biotope a Trees never exceeded 10 m in height consequence, in soils the input of roots of all plants of interest must be taken into account, while in peat records the input of roots from all but the peat species themselves will be absent and can consequently be ignored. Therefore, an isoprenoid qualifies as a biomarker in soils if it is present exclusively in the leaves of a single plant species of interest but absent from its roots. In peat deposits, with the exception of the peat species themselves, an isoprenoid also qualifies as a biomarker if it is present in the roots as well as the leaves of a plant species of interest since only roots of peat species will be present in peat records. An exception to these rules are formed by the two Oreobolus species for which roots and leaves were not sampled separately due to their compactness. It is the same compactness that strongly limits vertical penetration of their roots into soil and/or peat records and as such any isoprenoids unique to either of the Oreobolus species were considered biomarkers for soil as well as peat even though their distribution over leaves and roots was unknown.
Preliminary assessment of isoprenoids in paleorecords
From the majority of the soil pits that were used to describe and classify the soils in the study area as described previously, undisturbed soil monoliths were collected for future use as paleological records of amongst others straight-chain lipid biomarkers, pollen and possibly isoprenoids. The monoliths were taken with one or more metal gutters with a dimension of 75 · 5 · 4 cm 3 that were vertically inserted into the profile exposed in the soil pit. From the various monoliths collected, two were selected for a preliminary assessment of the presence of isoprenoid biomarkers and their potential for reconstructing the historic UFL as part of the present study.
The two monoliths in question were both taken from the Guandera study area. Specifically, one soil monolith was taken from a pit dug in a patch of SARF above the current UFL and the other from a pit dug in the pá ramo grassland adjacent to the forest patch. In addition, one undisturbed peat core from the Guandera study area was selected. A detailed description of the location of the two monoliths and the peat core is given in Table 3 . From each of the two monoliths and the single peat core, two sub-samples at different depths were taken. The sub-samples were taken from the intact monoliths by using a small corkauger with a diameter of 1.0 cm. The sub-samples from the peat core were taken by cutting off a slice of core with a thickness of 1.0 cm as using the cork-auger proved impossible.
From our previous study of the age-depth relationship in soils and peat deposits in the study area (Tonneijck et al. 2006) , radiocarbon dates obtained from the same soil monoliths and peat core selected for the present study were available. Based on the available radiocarbon dates, subsamples for the present study were taken at depths corresponding to calibrated 14 C ages in the vicinity of 1500 AD and 200 AD. In the case of the soil monoliths both the upper and lower sample were from the same soil horizon (Ah), thus avoiding changes in organic carbon content between the two samples. The exact depths of the sub-samples as well as the radiocarbon dates are presented in Table 3 .
While the first human settlers may have entered the area as early as 3000-4000 years ago (Brush 1982) , the onset of massive human interference is generally thought not to have occurred before the Spanish conquest of Ecuador in the early 1600s. As such the selected samples reflect a time frame predating the onset of massive human interference in the UFL position. The selected soil-and peat-samples were freeze-dried, grinded and homogenized prior to extraction, analysis and signal interpretation following the same procedure as for the plant samples.
Extraction, clean-up and derivatization
All solvents used were of gas chromatographymass spectrometry (GC-MS) grade. Containers that came in contact with samples were carefully cleaned with acetone to avoid contamination with lipids.
Extraction of the lipid fraction, which included the isoprenoids under study, were carried out with a Dionex 200 Accelerated Solvent Extractor (ASE) at a temperature of 75°C and a pressure of 17 · 10 6 Pa employing a heating phase of 5 min and a static extraction time of 20 min (Jansen et al. 2006b ). CH 2 Cl 2 /MeOH (93:7 v/v) was used as the extractant (Jansen et al. 2006b ). Upon extraction, we used an extract clean-up procedure analogous to one described by Naafs et al. (2004) . First, the CH 2 Cl 2 /MeOH phase was rotary evaporated to complete dryness after which the dry extract was re-dissolved in approximately 2-5 ml CH 2 Cl 2 /2-propanol (2:1 v/v). Next, the extract was filtered using a Pasteur pipette packed with defatted cotton wool, 0.5 cm MgSO 4 (s) as a drying agent and 2 cm SiO 2 (s) to remove very polar constituents. To the filtered extracts, we added known amounts of an internal standard consisting of d 42 -n-C 20 alkane, d 41 -n-C 20 alcohol and d 39 -n-C 20 fatty acid, after which we dried the extracts under N 2 (g). The addition of the internal standard at this point means that effects of the sample treatment procedure prior to it, while expected to be small, are not compensated for. To the dried extracts we added 100 ll of cyclohexane as well as 50 ll of BSTFA (N,O-bis(trimethylsilyl) trifluoroacetamide) containing 1% TMCS (trimethylchlorosilane). Subsequently, the mixture was heated for 1 h at 70°C to derivatize all free hydroxyl and carboxylic-acid groups to their corresponding trimethylsilyl (TMS) ethers and esters. After derivatization, the solutions were dried once more under N 2 to remove the excess BSTFA, and subsequently re-dissolved in 200-1000 ll of cyclohexane depending on the extraction yields.
GC-MS analyses
GC-MS analyses of the derivatized samples were performed on a ThermoQuest Trace GC 2000 gas chromatograph connected to a Finnigan Trace MS quadrupole mass spectrometer. Separation took place by on-column injection of 1.0 ll on a 30 m Rtx-5Sil MS wall coated open tubular (WCOT) column (Restek) with an internal diameter of 0.25 mm and film thickness of 0.1 lm, preceded by a 2 m Siltek Guard column (Restek) with an internal diameter of 0.53 mm. As carrier gas, He was used at 1.0 ml min -1 and temperature programming consisted of an initial temperature of 50°C for 2 min, heating at 40°C min -1 to 80°C, holding at 80°C for 2 min, heating at 20°C min -1 to 130°C, immediately followed by heating at 4°C min -1 to 350°C and finally holding at 350°C for 10 min. The subsequent MS detection in full scan mode covered an m/z of 50-650 with a cycle time of 0.65 s and followed electron impact ionization with an ionization energy of 70 eV.
Signal interpretation and quantification
Diterpenoids, phytosterols and pentacyclic triterpenoids were identified from the chromatograms by their mass spectra and retention times. To facilitate inter-sample comparison, relative retention times (RRT) of the various compounds to the internal d 41 -n-C 20 alcohol standard were calculated. The compounds were identified using the NIST MS-Spectra Library as well as an MSspectra database provided by Prof. Dr. Whatley of the Department of Plant Sciences, University of Oxford, UK (available upon request). In addition, one triterpenoid (C 30 triterpenyl acid) was identified based on data from Van Bergen et al. (1997) . In spite of the consultation of the two exhaustive MS-spectral libraries just described, we were unable to identify all compounds encountered completely. Specifically, a number of compounds could only generically be identified as phytosterols based on the presence of characteristic fragment ions represented by m/z = 55, 69, 73, 95, 109, 121 and 135 analogous to the mass spectra of known phytosterols. Such phytosterols that could not be further specified were labeled 'unknown sterol' followed by a number. The abundance of the various mass fragment ions of these 'unknown sterols' are provided in Table 4 . In addition, several pentacyclic triterpenoids could not be identified further than being an analogue or isomer of a certain known compound due to very similar mass spectra. The denominator 'isomer' was used for two or more compounds differing in RRT, but having identical mass spectra, while the denominator 'analogue' was used for compounds with mass spectra containing most but not all characteristic mass fragment ions of a known compound. Fortunately, phytosterols or pentacyclic triterpenoids that were not (completely) identified can still serve as potential biomarkers, since they possessed a unique combination of RRT and mass spectrum that allows for unequivocal recognition in plant material as well as records. Absolute quantification was not attempted, since obtaining standards of all isoprenoids encountered was impossible. Instead, quantification was performed by comparison of the total ion current (TIC) peak areas for each component of interest to the peak areas from the internal d 41 -n-C 20 alcohol standard. This enabled comparison of the concentration ratio of the various components that were identified within a given component class and gave a general idea of the absolute amount present. In our view, this procedure was 181-198 189 adequate to achieve the main aim of our study, i.e. to evaluate the potential of individual components for their use as biomarker for specific (groups of) plant species.
Results and discussion
Diterpenes in the plant samples
We identified six different diterpenes, present in the leaves and roots of four of the 19 plant species under consideration (Tables 1, 2 , Figs. 1, 2) . Only the PAR species Espeletia pychnophylla and SARF species Gynoxys buxifolia were found to contain more than one diterpene at substantial concentrations (Figs. 1, 2) . The absence of diterpenes from all but a few species is favorable from a biomarker point of view. Nevertheless, only one compound, isopimaric acid A, met all the criteria for being a biomarker in soils and peat by being present exclusively in the leaves of the SARF species Gynoxis buxifolia (Figs. 1, 2) . Pallustric acid was also present exclusively in Gynoxys buxifolia, but was found not only in its leaves but in its roots as well, albeit at much lower concentrations. Since Gynoxys buxifolia is not a peat species, while unsuitable for soil records, pallustric acid constitutes a biomarker for peat records. Leaves and roots of these species were combined. Leaves and roots of these species were combined. The distribution of phytosterols in the leaves and roots of the plant species under consideration is depicted in Figs. 3 and 4 . All leaves and roots of the 19 plant species under investigation contained one or more of the total of 21 phytosterols we encountered (Figs. 3, 4) . In addition to several nearly ubiquitos phytosterols, such as b-sitosterol, a few unique phytosterols were found that thereby constitute potential biomarkers for some of the plant species under study.
Unknown sterol 6 and unknown sterol 12 were present exclusively in the leaves of, respectively, the SARF species Gynoxys buxifolia and the UMRF species Tillandsia sp.2 (Figs. 3, 4) and thereby meet the criteria for biomarker in soils and peat records. In addition, unknown sterol 5 and unknown sterol 8 were exclusively present in the peat species Oreobolus obtusangulus. However, both compounds may have been present in its roots as well since these were not analyzed separately from its leaves as described earlier. In addition, unknown sterol 8 was also present in the roots of Macleanea rupestris. While Oreobolus obtusangulus is a peat species, it is one of the two species of which we do not expect disturbance by non-chronological root input due to their compactness as described previously. In addition, Macleanea rupestris is not a peat species so its roots will not be present in peat records. Consequently, while disqualified for use as biomarker in soils, unknown sterol 5 and unknown sterol 8 meet the criteria for biomarker in peat records for Oreobolus obtusangulus. All other phytosterols appeared to be too generic to serve as biomarkers for our plants.
Pentacyclic triterpenoids in the plant samples
Figures 5 and 6 show the distribution of the pentacyclic triterpenoids we found in the plant species under study organized by terpenoid class, i.e. friedelanes, oleanes plus analogues and ursanes plus analogues. The total of 23 pentacyclic triterpenoids found were encountered in only a few of the 19 plant species under consideration (Figs. 5, 6 Leaves and roots of these species were combined. β β β β β Fig. 3 Distribution of the various phytosterols found in the leaves of the 19 species under study. The number indicates the concentration of the various compounds in lg g -1 of dry plant material, assuming a 1:1 response factor with the deuterated eicosanol internal standard. PAR stands for pá ramo, UMRF for Upper Montane Rainforest, SARF, for Sub-Alpine Rainforest, BOG-H and BOG-L for, respectively, the peat bog(s) at higher and lower altitude (see text for further explanation) Plant Soil (2007) Leaves and roots of these species were combined. Leaves and roots of these species were combined. The number indicates the concentration of the various compounds in lg g -1 of dry plant material, assuming a 1:1 response factor with the deuterated eicosanol internal standard. PAR stands for pá ramo, UMRF for Upper Montane Rainforest, SARF, for Sub-Alpine Rainforest, BOG-H and BOG-L for, respectively, the peat bog(s) at higher and lower altitude (see text for further explanation) leanea rupestris, Miconia tinifolia (present in the UMRF and SARF) and the peat-bog species Lachemella andina contained a multitude of pentacyclic triterpenoids in their leaves as well as in their roots. At the same time no pentacyclic triterpenoids at all were identified in leaves or roots of the PAR species Rhynchospora ruiziana and Espeletia pycnophylla, the UMRF species Tillandsia sp. 2 and Hedyosmum cumbalense, the SARF species Gaiadendron punctatum, and the peat bog species Juncus Balticus ssp. andicola (Figs. 5, 6 ).
Pentacyclic triterpenoids constituting biomarkers in soil and peat records were a-amyrin, a-amyrin analogue 2, and oleanolic acid analogue 4, as they were encountered exclusively in, respectively, the leaves of the SARF species Gynoxys buxifolia, the UMRF species Clusia flaviflora, and Miconia tinifolia (present in the UMRF and SARF) (Figs. 5, 6 ). Oleanolic acid analogue 5 was also exclusively present in Miconia tinifolia, but was found in its roots as well as its leaves. The same was true for friedelin and D-friedoolean-14-en-3-one that were exclusive to the peat species Oreobolus obtusangulus but may have been present in its roots as well. Miconia tinifolia is not a peat species, while no disturbance by non-chronological root input of Oreobolus obtusangulus in peat records is expected as explained earlier. Consequently, Oleanolic acid analogue 5 meets the criteria of biomarker for Miconia tinifolia in peat records, while friedelin and D-friedoolean-14-en-3-one meet the criteria for biomarker of Oreobolus obtusangulus in peat records.
Preservation of the isoprenoids in the soil and peat samples
In Tables 5, 6 and 7 we presented the isoprenoids encountered in, respectively, the soil samples from the forest patch, the soil samples from the pá ramo next to it, and the samples from the peat deposit (see Table 3 ). In addition, the concentration of the encountered compounds in lg per g of absolute dry soil or peat material as well as their Leaves and roots of these species were combined. 181-198 193 distribution over present-day species from the different vegetation clusters relevant for an UFL reconstruction are provided (Tables 5-7) . From Tables 5-7 a marked difference in the number of components encountered and their relative concentrations can be discerned between the type of record (soil under forest, soil under pá ramo and peat bog), as well as between the younger and the older samples. Isoprenoids of all classes were abundantly present in the presentday vegetation in all vegetation groups (Figs. 1-6 ). Therefore, differences in abundance and concentration in the soil and peat records can be due to a difference in biomass input, a difference in preservation, or a combination of both.
The younger sample from the peat bog clearly contained the highest number of isoprenoids (12) and at the highest concentrations. The younger soil sample under forest contained almost as many different components (10) as the peat sample, but at much lower concentrations, while the younger soil sample under pá ramo contained only few Table 3 isoprenoids (3) and at even lower concentrations (Tables 5-7) . Because of their acidic and anaerobic environment, organic matter is generally very well preserved in peat records. Therefore, the much higher concentrations of isoprenoids in the younger peat sample were most likely caused by better preservation than in the soils. General soil chemical and moisture conditions are similar in the soil under forest and under pá ramo (Tonneijck et al. 2006) . Consequently, one would not expect differences in preservation of the isoprenoids to be the cause for the observed smaller number and concentrations of isoprenoids found in the younger pá ramo soil as compared to the younger forest soil. On the other hand, if certain classes of isoprenoids degrade more easily than others, differences in degradation under similar general soil conditions may still take place. In this respect it is interesting to note that none of the diterpenoids that were present in large concentrations in various pá ramo plants (Figs. 1, 2) were found even in the younger sample under pá ramo. Possibly this class of isoprenoids is more susceptible to degradation under the general soil conditions in our study area than the dominant isoprenoids from forest vegetation. Another explanation is that differences in above ground biomass input were the cause of the differences observed between the younger forest and pá ramo soils.
When looking at the older samples studied, there was a slight decline in abundance and concentration of isoprenoids going from the younger to the older forest soil sample (Table 5) . In contrast, in the older peat sample the number of isoprenoids and their concentrations were much lower than in the younger peat sample (Table 7) . The latter result is somewhat surprising in light of the expected better preservation of isoprenoids in peat deposits than in soils. However, the most surprising observation was that in the older soil sample under pá ramo one more compound was encountered than in the younger one, and general concentrations of the compounds were slightly larger than in the younger sample (Table 6 ). It is hard to explain such an inverse relationship of concentration and abundance of isoprenoids with depth within one and the same soil horizon in terms other than a difference in input of isoprenoids at the time of deposition of the older pá ramo sample, indicating a different vegetation composition at that time. This is an important observation because it implies that a sudden increase in number and concentration of isoprenoids with depth within the same soil horizon might be used as an additional indicator of past changes in vegetation composition. However, it is clear that further study is needed to pin-point the exact mechanism 181-198 195 of preservation of isoprenoids in soil and peat records. The present study shows that the difference in concentration and number of isoprenoids encountered in the soil and peat samples tested are much lower than in the leaves and roots of the plant species under consideration. At the same time the previous study of straight-chain lipids showed that the difference in concentration and number of relevant straight-chain lipids, i.e. n-alcohols and n-alkanes, in the soil and peat samples as compared to the leaves and roots of the plants was very small (Jansen et al. 2006a) . This leads to the conclusion that n-alcohols and n-alkanes are better preserved in the peat deposits as well as the soils in the study area than the isoprenoid classes tested in the present study. This observation is in agreement with the results of a previous study of soils under pine vegetation (Nierop et al. 2005 ).
Interpretation of the isoprenoid signal from the soil and peat samples
The set of samples that were extracted was too limited to attempt an UFL reconstruction of the study area, nor was that the purpose of this study. Still we were able to use the data for a preliminary assessment of the value of isoprenoid-biomarkers as proxy for UFL reconstructions in the area.
When looking at the soil samples, we did not encounter any biomarkers. All but one of the isoprenoids found occurred in species from more than one biotope. Only in the younger soil sample from the forest patch did we find a compound unique for a single species (unknown sterol 2, for Weinmannia cochensis, see Table 5 ), however this compound occurs in its leaves as well as in its roots and therefore does not qualify as biomarker in soils (Figs. 3, 4) . Nevertheless, useful information might be gained not from the compounds themselves but from the vast difference in number and concentration of isoprenoids found between the soil samples from under forest versus under pá ramo vegetation (Tables 5-7) . As explained earlier the increase in number of compounds and their concentrations in the older pá ramo sample as compared to the younger one from the same soil horizon could be interpreted as an indication of a historic shift in vegetation composition. While in this particular case the observed difference on its own might not be pronounced enough to serve as an exclusive indicator of a historic forest vegetation, it is certainly a useful indicator to be used in conjunction with other proxies such as straight-chain lipids or isoprenoid biomarkers from other records such as peat deposits.
Contrary to the soil samples studied, the isoprenoids encountered in the peat deposits appear to provide more useful information for an UFL reconstruction (Table 7 ). In the younger sample as many as three compounds classified as biomarkers were found, all of them indicative of the same peat species: Oreobolus obtusangulus (Figs. 3, 5 ). In the older sample, we encountered one biomarker, this time for a SARF species: Gynoxis buxifolia. Analogous to pollen, the biomarkers most likely entered the peat bog in the form of wind-blown leaf material, albeit originating from much closer by than pollen would. A SARF signal in the older sample is consistent with the expected depression of the UFL in the study area due to human interference over the last centuries. It is also in agreement with the observation that the increase in abundance and concentration of isoprenoids in the older pá ramo sample signifies a difference in historic vegetation composition. Better preservation of isoprenoids in the top part and the absence of root input from all but the peat species themselves, together result in a higher potential of peat deposit from an isoprenoid biomarker point of view than soil records in the study area.
Conclusions
Altogether, we found five isoprenoids that meet our criteria for biomarker in both soils and peat records. Two of these represent UMRF species (Tillandsia sp. 2 and Clusia flaviflora), two represent the same SARF species (Gynoxys buxifolia) and one represents a species present in both UMRF and SARF (Miconia tinifolia). In addition, we encountered six isoprenoids that may serve as biomarkers in peat records but due to their (possible) presence in roots are not applica-ble to soils. One is representative for Gynoxys buxifolia, another for Miconia tinifolia and four represent the peat bog species Oreobolus obtusangulus. Because input of roots from species other than the peat bog species themselves can be ruled out in the peat deposit studied and isoprenoids appear to be better preserved at least in the top part of the deposit, such deposits appear to be the most valuable records of isoprenoid biomarkers in our study area. In addition, changes of the number and concentration of isoprenoids within one soil horizon as was observed, might provide additional information about past vegetation changes. While one can debate whether historic vegetation can be reconstructed based upon isoprenoids alone, we conclude that isoprenoid biomarkers certainly have potential to serve as a supporting proxy in a multi-proxy approach for reconstructing past vegetation in our study area in the Northern Ecuadorian Andes, and other ecosystems with similar vegetation and soils.
